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The  Institution  of  Engineers  Australia 
Dynamic  LoacSrig  in  Manufacturing  and  Service 
Melbourne,  9-11  February  1993 


RESPONSE  OF  AMMUNITION  MATERIALS 
TO  DYNAMIC  LOADING 

N.M.  BURMAN,  D.S.  SAUNDERS.  B.E.  WALSH  and  R.L.  WOODWARD 


Department  of  Defence 
Defence  Science  and  Technology  Organisation 
Materials  Research  Laboratory, 

P.O.  Box  50  Ascot  Vale  Vic.  3032 

SUMMARY  This  paper  examines  critical  issues  in  the  response  of  ammunition  materials  to  dynamic  loading. 
The  paper  discusses  these  issues  in  terms  of  the  function  of  ammunition  materials  and  their  requirements  for 
safe  launch,  in-flight  performance  and  terminal  effectiveness.  Deficiencies  in  material  characterisation  and 
application  are  highlighted. 


1.  INTRODUCTION 

Some  of  the  non-explosive  components  of  ammunition 
are  typicatly  subiected  to  extremes  of  stress,  dynamic 
loading  rate  and  temperature.  Component  properties 
required  to  survive  these  cortditions,  which  irtdude  high 
melting  point,  strength,  toughness  and  durability, 
necessitate  the  almost  exchjsive  use  of  metallic 
materials.  Ammurtition  components  rr.ay  be  classified  in 
terms  of  their  function,  i.e.,  launch  -  (cartridge  cases  and 
rocket  motors),  response  to  high  explosive  or  impact 
kMiing  -  (bombs,  HE  shHI,  HESH  or  HEP,  shaped 
charges,  mines  and  demolition  and  special  operation 
devices,  armour  piercing,  practice  ammunition)  and 
components  -  (primers,  fuze  and  assembly  components, 
structural  and  guidance  elements).  The  range  of 
conditions  applied  to  these  components  during  both  their 
manufacture  and  final  utiNsation  requires  judicious 
materials  selection,  based  on  a  sound  knowledge  of 
dynamic  materials  properties,  to  ensure  both  safe  use  and 
optimised  terminal  effectiveness. 

Because  of  the  often  conflicting  materials  property 
requirements,  as  well  as  the  purely  physical  limits  of  the 
materials,  ammunition  design  is  commonly  a  compromise 
between  the  exigencies  of  envirorwnental  stability,  safe 
handling,  reliable  launch  (launch  safety),  flight 
characteristics  and  functioning  at  the  target.  The  typical 
responses  to  dynamic  loading  which  limit  ammunition 
performance  are  reviewed  in  relation  to  materials,  design, 
manufacturing  and  cost  effectiveness  considerations. 

2.  STORAGE  AND  TRANSPORT 

Although  the  storage,  transportation  and  handWrtg  of  high 
explosive  fMsd  munitions  rarely  produce  extremes  in 
dynamic  toadbig,  materials  defects  gsnerated  during  this 
phase  can  severely  reduce  a  munition's  abMty  to 
succesefuay  wHhetend  the  more  severe  load  condWienB 
encountered  during  launch  and/or  target  inlereetion. 
Eetiure  of  (he  munition  to  function  correctly  et  eithar 


launch  or  at  the  target  constitutes  a  severe  safety  hazard 
to  friendly  forces. 

With  the  introduction  of  lower  toughness  steels  in  the 
rrew  generation  HE  artillery  projectiles,  the  problem  of 
rough  harxlling  has  been  higNighted  11).  It  is  possible 
that,  due  to  the  high  stresses  developed  at  specific 
locations  in  the  projectile  wall  during  rough  handling, 
manufacturing  flaws  can  grow  or  small  cracks  can  be 
introduced.  Typical  rough  handling  and  drop  tests  for 
artillery  projectiles  are  shown  in  Figure  1 . 


drop  h«i9ht  of  2*1  motrob 


NOlo  down  be»o  down  ColG  to  C  ofC  ffidd'Pfl 


Figure  1 .  Typical  rough  hartdKng  and  drop  tests  for 
artillery  projectiles. 

Defects  developed  during  rough  harxBing  may  grow 
catasvophically  under  launch  conditions,  as  discussed 
below.  In  the  early  1 970s,  a  very  low  fracture  toughness 
steel,  which  prontised  markedly  improved  projectile 
tenrdnal  performance,  was  investigated.  However,  it 
was  soon  dtecovered  that  projectilas  manutactured  from 
this  steel  required  NgNy  conservative  harwiing  methods 
to  reduce  tits  risk  of  inducina  defects  before  launch. 
Sightly  tougher  steals  and  appropriate  host  tmstinem 

m0V)OQV  UJUfB  fVSMnNW  nSnOWiQ  MWIy 
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projectiles. 


Stress  corrosion  cracking  of  certain  Al  alloy  LAW  rocket 
motor  cases  and  end  closures  under  storage  has  resulted 
in  the  premature  failure  of  these  components  at  launch 
I2|.  In  these  cases,  the  critical  cracks  were  found  to  be 
extremely  small  and  difficult  to  detect  after  manufacture. 
Newer  Al  alloys  and  heat  treatments  provide  greater 
resistance  to  stress  corrosion  cracking  and  inherently 
higher  fracture  toughness  and  lower  yield  strength  levels. 
These  modifications  have  been  introduced  into  service 
weapons,  and  although  the  component  changes  have 
irx:urred  some  weight  penalties,  these  have  been  largely 
overcome  by  the  use  of  new  propellants. 

To  further  reduce  the  incidence  of  pre^au^Kh  cracking, 
considerable  progress  has  been  made  in  the  safe  handling 
and  transport  uf  ammuntion  due  largely  to  improvements 
in  packaging  technologies. 

3.  LAUNCH 

Munitions  may  be  broadly  divided  into  those  which 
experierKe  relatively  low  launch  stresses  (  e.g.  aircraft 
bombs  and  cluster  munitions),  and  those  which 
experieitce  high  laurKh  stresses  such  as  projectiles 
laurKhed  from  high  velocity  guns  or  high  pressure  rocket 
laurKhers.  The  typical  range  of  strain  rates  and  loading 
levels  involved  with  each  type  of  munition  is  illustrated  in 
Table  1 . 

Munitions  which  are  launched  under  conditions  of  high 
strain  rate  and  loading  levels  are  found  to  be  most 
sertsitive  to  the  preserKe  of  manufacturing  defects  (e.g., 
heat-treatment  induced  cracks  and  score  marks).  Such 
defects  may  propagate  rapidly  under  the  dynamic 
stresses  imposed  by  launch,  and  this  can  give  rise  to 
failure  or  premature  detortation  of  the  munition.  Important 


developments  in  recent  years  have  been  in  sabot  and  KE 
penetrator  designs  capable  of  achieving  the  stable  launch 
of  high  length/diameter  (L/D)  ratio  penetrators  at 
increasing  velocities  (3-5).  Similarly,  artillery  projectiles 
incorporating  steel  casings  with  improved  fragmentation 
performance  have  been  developed  despite  early  problems 
with  rough  handling  and  launch  safety. 

To  assure  launch  safety,  considerable  experimental  work 
has  been  undertaken  on  the  development  of  techniques 
for  nneasuring  the  fracture  toughrtess  of  forgings  and 
finished  projectiles  (6-9).  This  work,  in  conjunction  with 
stress  analysis  and  the  application  of  fracture  mechanics 
methodologies  to  artillery  projectiles  (10,11),  allows  the 
prediction  of  critical  crack  sizes  at  most  locations  in  the 

walls  of  the  projectiles.  Figure  2  shows  the  axial  stresses 
developed  in  an  Ml 07  artillery  projectile  on  launching. 
From  these  analyses  it  is  possible  to  specify  minimum 
fracture  toughness  values  and  NDI  requirements  for 
production  HE  projectile  casings.  In  order  to  obtain 
fracture  toughness  data,  a  range  of  specimen  designs  and 
test  methodologies  have  been  developed  and  applied  to 
specimens  taken  from  artillery  projectiles  as  illustrated  in 
Figure  3. 

Typical  fracture  toughness  data  for  artillery  projectile 
steels  are  given  in  Table  2.  Using  calculated  launch 
stress  (an  example  of  axial  stresses  is  shown  in  Figure 
2)  and  knowing  the  crack  geometry  at  specific  locations 
in  the  shell  (1,10),  predictiorts  of  critical  crack  sizes 
(depth)  can  be  made.  This  example  shows  how  increasing 
fracture  toughness  significantly  increases  critical  crack 
size  in  the  prqectile  walls.  The  table  highlights  the 
sensitivity  of  critical  crack  size  to  fracture  toughness. 


Table  1 

Strain  Rate  and  Loading  Levels  for  Carriage  and  Launch  of  Munitiorrs. 


Method  of  Launch 

Munition  Type 

Propellant 

HE  Projectile 
Mortar 

APFSOS 

Bullet 

8,000  -  20,000  (launch) 
3,000  -  4,000  Oaunch) 
50,000  (launch) 

80,000  (launch) 

Rocket 

LAW 

Ground-Air 
Ship- Air 

Air  -  Air 

4,000  (lauTKh) 

9-10  (manoeuvre) 

5-10  (lauTKh) 

Electromagnetic 
(RaH  Gun) 

’Bullet' 

60,000 

(launch) 

100,000 

Platform 

(Abcraft 

Launched) 

Bomb 

1  (launch) 

figure  2.  Axial  stresses  developed  in  die  wall  of  an 
M1 07  artillery  proiectile  on  launch. 


Table  2 

Fracture  toughness  and  critical  crack*®^  sizes  in  Ml 07  155  mm  projectiles. 


Steel 

Fracture  toughness 
at  -40  °C 

MPavm 

Fracture  toughness 
at  21  °C 

MPaVm 

Critical  Crack  Size 
at  -40  °C 
mm 

Critical  Crack  Size 
at  21  °C 
mm 

Hl-Frag  Ueothermsl 
heat  treatment) 
ffY  =  620  MPa 

20 

25 

0.86 

1.35 

Hl-Frag  (Quenched 
and  tampered) 

O  y  e  980  MPa 

33 

47 

2.4 

4.5 

STA64  (Quenched 
and  tampered  at 
max.  tampering 
tamp.) 

O  y  -  820  MPa 

57 

95 

5.2 

7.5 

STA64  (Quenched 

and  temparad  at 
min.  tamparing 
tamp.) 

oy  =  1100  MPa 

28 

37 

1.7 

2.7 

<a|  external  axial  surface  cracks,  aspect  ratio  of  O.t  0  in  a  1 2mm  thick  proiectile  waA:  crack  size  is  crack 
depth  through  the  waA.  Rough  handkng  hoop  stress  of  350  MPa. 


The  fracture  mechanics  approach  to  assure  launch  safety 
does  not  uauaiy  account  for  the  dynamic  effects  on 
fracture  toughness.  The  tensile  properties  of  many  of 
these  artiflarY  prdactiia  aiaels,  however,  have  been 
characterised  over  a  range  of  strain  rates  appropriate  to 
projectMe  leuneh  and  generaiy  these  have  been  found  to 


be  only  sAghtly  influenced  by  strain  rate  over  the  range 
for  projecWe  launch  (11  and  cwi  be  slowed  for  by  using 
'dynar^  safety  factors’  (1 2|. 

The  uae  of  carrier  murdtions  would  be  expected  to 
meresae  launch  safety  of  large-calibre  munWona  since 
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higher  toughness  materials  (steels)  can  be  used  in  the 
casings.  Despite  recent  developments  in  design, 
problems  have  been  encountered  in  aluminium  alloy  base 
components  and  in  the  compressive  failure  of  the 
bombiets  thentseives.  Both  of  these  problems  have 
resulted  in  modifications  to  material  and/or  design. 

The  use  of  rocket  motors  in  hand-held  weapons  systems 
nray  still  be  an  area  of  concern  with  respect  to  launch 
safety,  particutarty  with  the  contirrued  use  of  light¬ 
weight  alloy  systems,  such  as  7000  series  aluminium 
alloys  [21  and  maraging  steels  [131.  Both  of  these 
materials  are  used  because  of  their  high  strength-to- 
weight  ratios,  but  usually  they  have  inherently  low 
fracture  toughness.  In  these  weapon  systems,  the  wall 
thickness  of  the  rocket  motor  is  usually  so  small  as  to 
preclude  classical  fracture  mechanics  approaches  to 
assure  laimch  safety,  although  an  attempt  has  been  made 
to  apply  fracture  mechanics  to  low-toughness  aluminium 
alloys  in  motors  of  moderate  wall  thickness  [14|  and 
maraging  steel  pressure  vessels  11 5|.  Typical  fracture 
toughrress  data  for  alutrurtium  alloys  (2!  and  maraging 
steels  are  given  in  Tables  3  and  4  respectively.  These 
data  have  been  derived  from  small-scale  fracture 


toughness  tests  and  show  the  effects  of  composition  and 
heat  treatment  on  fracture  toughness. 

Launch  safety  of  thin-walled  rocket  motor  cases  can  be 
assured,  at  some  cost,  by  alternative  testing  methods 
such  as  burst  testing  [16  -  19|  and  appropriate  NDI 
methodologies  such  as  eddy  current  inspection.  In  the 
area  of  pressure  testing  additional  work  on  the  effects  of 
flaw  size  is  required,  but  some  experience  has  already 
been  gained  in  the  pressure  testing  of  large  calibre 
artiHery  proiectiles  [201. 

New  technologies  to  emerge  in  the  laurxrh  of  munitions 
have  included  the  development  of  caseless  ammunition, 
telescoped  rounds,  liquid  propellants  and,  most  receirtly, 
various  electro-thermal  propulsion  technologies.  The 
largest  influence  that  these  techrtologies  can  be  expected 
to  have  on  materials  will  be  in  the  areas  of  gun  barrel 
wear  and  erosion,  as  well  as  the  possibility  of  hot  gas 
erosion  of  proiecble  components  (e.g.,  fins). 

Despite  the  potential  of  these  developments,  there  are 
still  maior  problems  to  solve  in  making  them  cost 
effective  and  reliable  within  the  constraints  of  size  and 
weight  demanded  by  current  systems. 


Table  3 

Fracture  toughness  and  critical  crack^^*  sizes  in  an  aluminium  alloy  LAW  motor  case. 


At  alloy 

Fracture  toughness 
at  -40 

MPavm 

Fracture  toughness 
at  21  °C 

MPeV^ 

Critical  Crack  Size 
at  -40  °C 
mm 

Critical  Crack  Size 
at  21  “C 
mm 

• 

17 

not  calculated 

0.63 

7278  ■  T6 

<7  V  =  540  MPa 

18 

18 

0.79 

0.79 

28 

27 

1.55 

1.44 

• 

32 

not  calculated 

2.02 

(a)  internal  axial  surface  crack,  aspect  ratio  of  0.10  in  a  4.6mm  thick  nrotor  wall; 


operating  stress  >  354  MRa;  crack  size  is  crack  depth  through  the  wall. 

Table  4 

Fracture  toughness  and  critical  crack^**  sizes  in  a  maraging  steel  rocket  motor  case. 


Steel 

Fracture  toughness 
at -40  °C 

MPaVm 

Fracture  toughnesa 
at  21  ®C 

MPa^m 

Critical  Crack  Size 
at  -40  “C 
mm 

Critical  Crack  Size 
at  21  “C 
mm 

Marage  200 
ffy  >  1310  MPa 

• 

121 

not  calculated 

(leak-before- 

burst) 

53 

98 

0.7 

(2.4),  (leak- 
betore-burst) 

Maraga300 
e  V  >  2070  MPa 

54 

80- 105 

0.53 

1.17  ton  min. 
toughneaa) 

Marage  3SO 
ff  y  -  2380  MPa 

■ 

33 

not  calculsted 

0.17 

(a)  intamel  axW  aurtaee  crack,  aspect  ratio  of  O.S  in  a  1 .5  mm  thick  wall,  300  mm  dia.  motor;  operatmg 
ttreas  •  0.7  o  y;  crack  size  is  crack  depth  through  the  waN. 
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4.  FLIGHT  DYNAMICS 

The  stresses  imposed  on  relatively  low  velocity  unguided 
munitions  such  as  aircraft  bombs  and  sub-munitions, 
during  their  flight  to  the  target,  may  be  small.  However, 
high  stresses  and  temperatures  may  be  produced  in 
munitions  subiected  to  high  velocities  and/or 
accelerations  due  to  manoeuvres.  For  example,  the  fins 
of  Ngh  velocity  KE  penetrators  are  subiected  to  Ngh 
temperature  erosion  and  may  require  special  coatings  to 
maintain  their  integrity  during  flight. 

Many  first-generation  missiles  for  anti-air  or  anti-ship 
applications  have  been  designed  to  perform  manoeuvres 
which  generate  relatively  low  "g"  forces.  This  situation  is 
changing  rapidly  with  the  emergence  of  highly 
manoeuvreable  missiles  for  air  and  naval  applications. 
New  generation  anti-ship  missiles  are  expected  to 
achieve  velocities  above  Mach  2  and  accelerations  of 
typically  6  to  7  g  durmg  manoeuvres.  This  will  require 
considerable  improvements  in  the  agility  of  the  missiles 
designed  to  intercept  this  threat  such  as  vertical-laurx:h 
air  defertce  missiles.  Consequently,  the  stresses  imposed 
on  the  casings  and  comportents  of  anti-missile  missiles 
will  rise  considerably,  artd  a  continuing  effort  can  be 
expected  on  both  the  materials  and  design  aspects  of 
such  weapons. 

5.  TERMINAL  EFFECTS 

The  furKbonirtg  of  ammunition  at  the  target  usually 
involves  subjecting  material  to  high  transient  loading. 
This  may  involve  some  or  a  combination  of  the  foUowing; 
(1)  the  detortation  of  a  Ngh  explosive  charge  as  in  the 
case  of  EFPs,  shaped  charges  and  fragmentation 
weapons,  <2)  the  interaction  between  the  weapon  and 
the  target  as  in  the  case  of  KE  penetrators,  EFPs  and 
metallic  jets  from  shaped  charges.  (3)  the  interaction 
between  the  target  material  and  the  explosive  shock 
wave  as  in  the  case  of  spallation  weapons  (HESH)  aitd 
underwater  explosive  devices.  Of  particular  interest,  here, 
are  cases  11 )  and  (2),  above.  By  way  of  example.  Tables 
5  and  6  (below)  show  some  typical  peak  and  average 
values  for  pressure,  temperature  and  strain  rate  for 
projectile  formation  and  target  iirteraction  problems  for 
common  ammuNtion  121].  These  tables  essentiaBy 
demonstrate  that  the  governing  deformation  cotKfitions 
for  typical  muNtions  parts,  can  be  at  least  2  to  4  orders 
of  magnitude  above  those  seen  in  more  conventional 
materials  applications.  Accordmgly,  great  care  must  be 
taken  to  ensure  that  munttiorts  design  is  bssed  on 
materials  propertin  which  have  been  evaluated  for  the 
requiaite  range  of  dynamic  loarflng  condWons. 

The  basic  requirements  for  optbnum  target  penetration 
capebiNty  for  a  projectile  are  hi(F)  velocity,  high  maes  and 
smaB  preaerwed  area.  This  raquiremem  translates 
geometrieaBy  into  a  aiendar,  high  dsnaity,  high  velocity 
prqjsetle  wHh  auperior  toughness  end  Ngh  stiffness  to 
avoid  prarnatuta  faiure  at  the  target  by  fracture  and/or 
benrlng-  ^netratien  perfermatrce  of  amwur  piercing  KE 
munitiena  can  be  met  by  a  range  of  tungsten  sBoy  and 
depleted  uranium  (DU)  perwtratora  at  current  camras. 


WNIst  tungsten  alloys  can  nnatch  DU  performance  at  low 
L/D  ratios,  at  high  L/0  ratios  there  is  a  consistent 
advantage  to  OU  impacting  monolitNc  steel  armour  at 
normal  incidence  (22J.  Even  if  this  differential  in 
penetration  performance  could  be  contracted,  the  lower 
toughness  of  tungsten  alloys  compared  with  OU  may  still 
limit  their  performatx:e  against  Ngh  obliquity  targets. 
There  is  a  benefit  to  be  gained  in  using  tungsten  alloys 
because  of  the  toxicity  and  radiation  aspects  of  DU, 
provided  the  performance  can  be  matched  at  a 
comparable  cost.  It  appears  that  the  L/D  ratio  for  arnxxjr- 
piercing  muNtions  has  been  increased  to  the  limits  of 
current  launch  and  delivery  technologies. 

The  extremes  of  strain,  strain  rate  and  temperature 
characteristics  of  the  interaction  of  the  of  a  penetrator 
with  a  metallic  target  are  illustrated  by  the  projectile 
deformation  features  shown  in  Figure  4  (below). 

As  shown  in  Figure  4,  the  recovered  turrgsten  alloy 
projectiles  show  separation  of  the  penetrator  rtose  along 
a  region  of  intense  shear  deformation,  erosion  features 
associated  with  mushroorNng  (deformation)  and  shear 
of  the  penetrator  and  features  from  the  crested  surface 
show  that  melting  temperatures  have  been  exceeded. 
WNIst  the  average  strain  rate  may  be  quite  low  1-10^  to 
10^  s~^),  local  natural  strains  exceed  the  ranM  1  to  10 
and  local  strain  rates  are  often  greater  than  10^s'^ 

Recent  work  has  demonstrated  that,  witNn  a  specific 
velocity  range,  segmented  penetrators  out-perform 
continuous  rod  penetrators  123,24).  The  contribution  of 
spacers  to  the  penetration  performarx:e  needs  to  be 
separated  from  that  of  the  penetrator  segments  because, 
in  a  real  weapon,  the  spacers  represent  parasitic  weight 
and  are  not  altogether  desirable.  To  fuHy  utilise  the 
advantages  of  segmented  penetrators,  the  problems  of 
the  delivery  of  a  segmented  rod  to  the  target  at  the 
required  velocity  need  to  be  solved.  atKl  then  a  need  for 
the  enharK»d  penetration  performarxre  must  provide  the 
motivation  for  further  development.  Frank  |25l  has 
paraphrased  the  guidmg  philosophy  for  improving 
pertetrator  capability  ....’Ngger  is  better*.  This  imposes  a 
cost  burden,  not  oNy  for  the  irtdividual  munition,  but  also 
because  of  compliarx:e  with  limitations  of  weapons 
system  and  platform  constraims.  The  advent  of  electro- 
thermal  propulsion  technologies  may  change  the  concept 
of  an  axisymmetric  penetrator  as  weB  as  influerxx 
(probably  for  the  better)  the  launch  stress  environment. 
Non  -  axisynvnetric  munitions  will  require  significant 
changes  to  manufacturing  technologies.  The  parasitic 
weight  of  sabots,  which  facHiste  the  launch  of  smaB 
dfameter,  high  L/D  penetrators  in  large  dameter  gun 
barrNs,  can  be  reduced  by  the  use  of  higher  strength 
metalHc  materials.  It  is  Nso  posafale  that  metal  matrix 
composite  materials  may  be  used,  provided  that  refable 
and  safe  launching  can  be  guaranteed  at  a  cost 
competitive  with  cunem  technologies.  Current  sabot 
metsrials  are  acceptable  but  not  optimal.  If  new 
penetrator  technologies  are  adopted,  however,  this  tsbot 
technology  will  become  obsolete. 
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Table  5 

Projectile  Formation  Conditions 


Pressure 

GPa 

Homologous 

Temperature'®’ 

Strain 

Strain  Rate 
s'^ 

Shaped  Charge  Jet 
(  3  to  1 0  km/s  ) 

Peak  -  200 
Avg. 

20 

Peak  >  1 

Avg.  *0.5  to  0.7 

>  10 

Peak  “ICPtolO' 
Avg.  *  lO'*  to 
10® 

Explosively  Formed 

Penetrator 

(  1 .5  to  3  km/s  ) 

Peak  -  40 
Avg. 

10 

Peak  *0.5  to  0.8 
Avg.  *0.2 

Peak  *2 

Avg.  *0.7 

Peak  'ICPtolO' 
Avg.  *  10* 

Fragmentation 
(1.3  to  3  km/s  ) 

Peak  -  30 
Avg. 

2 

Ductile  “0.3  to  0.5 
Brittle  *0.1 

Ductile  *  0.5  to 
1.5 

Brittle  *  0.1  to 
0.2 

Peak  ■  id*  to  10' 
Avg.  *  1  Cfi 

(a)  Temperature  divided  by  melting  temperature. 

Table  6 

Target  Response  Conditions 


Pressure 

GPa 

Homologous 

Temperature*®’ 

Strain 

Strain  Rate 
s‘^ 

Gun  LaurKhed 
Ammunition 
(  0.5  to  1 .8  km/s  ) 

Peak  *20 
to  40 

Avg.  *  3  to 

5 

Peak  *1.0 

Avg.  *0.3  -  0.5 

Peak  >  1 .0 

Peak  'id* to  10' 
Avg.  -1d*to10S 

Explosively  Formed 
Penetrator 
( 1.5  to  3  km/s  ) 

Peak  *70 
Avg.  *  1 0 

Peak  *  1 .0 

Avg.  *0.2 

Peak  *  1 

Avg.  *0.2  to  0.3 

Peak  " 1  CP 

Avg.  *10*10  10^ 

Shaped-Charge  Jet 
(3  to  10  km/s  ) 

Peak  - 100 
to  200 
Avg.  *  1 0 
to  20 

Peak  >  1 .0 

Avg.  *0.2  to  0.5 

Peak  >>1.0 
Avg.  0.1  toO  0.6 

Peak  "ICPto  10' 
Avg.  *  10*  to  10® 

(a)  Temperature  tfivided  by  melting  temperature. 


Figure  4.  Deformation  of  tungaten  aioy  penetrator  reeuWng  from  imgact  with  armour  steel  plate. 


For  shaped  charge  and  exploaivelv  formad  proiactMe  (^P| 
weapons,  a  variety  of  proiaetile  forming  niatarlale  hove 
been  investigated  inciiNkig  eopgar,  iron,  tantalum,  DU, 
tungsten  adoys  and  varioua  aupar-plaailc  aleys. 
Parametors  which  influence  Hm  fermatioo  of.  and 
suhae fluent  stabttty  ar«d  tireak*up  of  the  penetrator,  are 
generally  wed  estaliliahad  (vie.,  fomtalilUy.  gaomatry, 
texture  etc.).  Extensive  experimental  work  to  obtain 


dynamic  propartias  of  candkiate  ammunition  materials 
has  been  undonaksn.  As  aaan  in  Table  S  these  matarials 
may  deform  under  strain  rotas  as  high  as  10^  s'^  Qu 


static  propartias  are  no  longer  appropriate  measuret 
the  bohovioia  of  dwss  materials.  Figum  B  shows 
itrees  ibslii  behaviour  of  OFHC  copper  over  a  rartgi 
strain  rates. 
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Figure  5.  Effect  of  strain  rate  on  the  compressive  proof 
stress  of  OFHC  copper,  1261. 


Characterization  of  materials  at  high  strain  rates  for  EFP 
and  other  devices  is  essential  otherwise  the  sometimes 
poor  or  urtexpected  dynamic  response  of  arbitrarily 
selected  materials  may  limit  the  performance  of 
rruinitions.  Since  munitions  design  is  still  basically 
empirical  sonte  of  the  fully  characterised  candidate 
materials  have  not  found  gerteral  application.  The 
properties  of  materials  determined  under  conditions  of 
high  strain  can  be  incorporated  into  computer  codes 
(discussed  below)  for  the  modelliitg  of  explosively  formed 
protectiles,  projectile/target  imeraction  and  deformation 
of  proiectiles  during  laurKh. 

The  priiKipal  new  technology  in  munitions  development 
has  been  the  development  of  "dual  charge*  warheads  for 
the  defeat  of  explosive  reactive  (ERA)  arrrtour.  Corttinuing 
developments  can  be  expected  as  antraur  designers 
modify  their  ERA  designs  to  render  them  more  effective 
agairtst  ’dual  charge’  warheads.  A  futher  growth  area 
nas  been  the  developmei.i  of  more  effective  EFRs 
particularly  ’firvstabilised’  EFRs  for  the  topnsttack  of 
armoured  vehicles.  Significant  progress  has  been  m|de  in 
this  area  particularly  in  the  development  of  Aimco  iron 
pertetrators.  However,  considerable  further  development 
can  be  expected  as  this  threat  is  countered  by  the 
designers  of  amxiured  vehides. 

Some  munitions  mch  as  urtderwater  mines  produce  their 
terminal  effect  solely  by  blast.  More  usually,  high 
explosive  (HE)  warheads  employ  blast  and  fragmentation 
effects  synergisticsly  to  optimise  their  effects  on 
targets.  9gnificant  developments  in  this  area  have 
included  HE  artiHery  projectiles  incorporatirH)  the  *hi-frag' 
steels  AISI  9260,  STA-64  and  HF-1  to  optimise 
effectiveness  against  soft  targets  127,28).  A  further 
refinement  has  been  the  development  of  carrier  or 
improved  cortventional  munitions  (ICMs)  which  dUpense 
stnaR  bomblets  over  s  wide  area,  and  time  have  improved 
effectiveness  againet  rispersed  infantry  and  (to  a  lesser 
6Xifnii  afinoupso  vvQro.  cfiwrpnQ  fKfmoiOQMM  incmo 
the  Incorpcration  of  danse  metal  (primarily  tungsten  aNoy) 

mVQmWIV  WWW  WvrTvQmSnVlIOn  WVIIMOB  vO  VliprOVV 

terminol  effectiveness  against  high  value-targets  such  ss 
snti-ship  missies.  In  sddWon,  further  effort  can  be 


expected  in  the  developmem  of  ’reactive-cased’ 
warheads  in  which  a  refractory  metal  liner  is  irKorporated 
within  the  munition  casing  to  improve  its  blast 
performarK:e. 

6.  DESIGN  AND  MANUFACTURE  OF  MUNITIONS 

In  addition  to  munitions  performarKe  requirements, 
producibility  and  cost  effectiveness  should  also  have  a 
significant  influence  on  materials  selection.  The  design  of 
munitions  and  other  explosive  devices  is  usually 
undertaken  by  engineering  and  explosive  specialists,  and 
the  choice  of  materials  is  often  based  on  'what  is  on  the 
shelf’ .  This  means  that  the  feasible  optimum 
performance  is  not  necessarily  achieved  because  of 
inappropriate  choice  of  materials  and  difficulties  in 
production.  Further,  inappropriate  choice  of  materials  can 
lead  to  increased  item  costs  arising  from  fabrication 
difficulties  and,  possibly,  changes  in  design.  It  is 
essential,  therefore,  that  candidate  materials  for 
munitions  applications  be  well  characterised  in  the  area 
of  producibility  as  well  as  in  dynamic  properties  and 
terminal  performance.  One  significartt  deficierx:y  in 
dynamic  property  determination  is  the  measurement  of 
fracture  toughness  at  Ngh  loading  rates.  At  extremely 
high  loadirtg  rates  the  measured  toughness  levels  become 
higNy  sensitive  to  stress  wave  interactions  within  the 
specimens. 

The  use  of  finite  element  and  finite  difference  computer 
codes  as  predictive  tools  for  munitions  underqoing 
deformation  at  high  strain  rate,  typically  10^  to  10®  s',  is 
still  in  its  infancy  Although  finite  element  analysis  (FEA  ) 
can  contribute  to  basic  understanding  of  these  deformation 
processes  they  are  not  sufficiently  mature  to  allow  detailed 
design  of  weapons  without  extensive  experimental  testing 
This  situation  arises  from  several  factors  including  the 
Inherent  mathematical  limitations  of  the  physical  model  as 
well  as  the  simplified  description  of  materials  behaviour  for 
the  defined  loading  conditions  For  complex  materials 
i.  iieraction  problems,  consititutive  descriptions  of  materials 
and  their  deformation  behaviour  (particularly  at  high  strain 
rates)  are  very  limited  This  limitation  requires  that  for 
most  ammunition  design  work  the  materials  dynamic 
properties  and  constitutive  relationships  must  be 
determined  exactly,  and  often  at  great  cost,  for  their 
confident  application  in  munitions  design  Nevertheless, 
the  ability  of  the  computer  codes  to  elucidate  the 
mechanics  of  deformation  and  to  separate  influences  of 
parameters  which  cannot  be  easily  studied  or  measured 
experimerttally  has  been  widely  demonstrated  126.29],  This 
is  illustrated  in  Figure  6  for  folly  formed  copper  and  iron 
EFRs 


(a) 
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Figure  6.  Comparison  of  experimental .  and 

FEA - predicted  EFP  cross  sections  for  <al  OFHC 

copper  and  lb)  Remco*  iron. 

In  Figure  6  the  external  artd  internal  profiles  of  the  fully 
formed  proiectiles  were  taken  from  X-ray  negatives 
(dotted  outlines)  and  the  predicted  shapes  were  produced 
by  the  ZEUS  FEA  modeHing  code|30]  (solid  outlines) 
using  compression  flow  stress/strain  data  acquired  from 
shocked  material.  These  results  gerterally  show  good 
agreement.  However,  these  comparisons  stiH 
demortstrate  some  obvious  problems  with  excessive  early 
folding  of  the  EFP  tail  as  well  as  overall  head  shape  arKi 
dimensions. 

Obtairting  the  maximum  performartce  from  a  weapon 
system  can  then  delay  the  necessitv  to  introduce  a  new 
or  modified  weapon  system  with  all  attendant  costs. 
Similarly,  improved  engirteerirtg  design  and  manufacturing 
may  decrease  the  immediate  need  for  improved  materials 
(e.g.,  increased  precision  of  the  weapon  guaranteeing 
functionirtg  dose  to  the  target).  Ultimately,  however, 
maintairting  the  effectivertess  of  any  weapon  system 
requires  continued  atterrtion  to  all  aspects  of  weaports 
design  and  manufacture  as  the  target  hardness  is  also 
adapted  to  counter  weapon  performance.  New  materials 
with  improved  dynamic  properties  are  one  key  to  the 
maxinkzation  of  ammunition  performarKre. 
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(8)  Voyzelle,  B.  artd  Martel,  Y.  'Fracture  Toughness 
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The  iittrotfciction  of  new  materials  in  ammurtition  design 
to  maximise  the  several  aspects  of  performatKe  requires 
that  their  dynamic  properties,  as  weN  as  their  quasi-static 
properties,  are  well  characterized.  This  may  be  achieved 
oy  usirtg  extensive  testirtg  programs  or  a  limited  testictg 
program  in  conjuitction  with  computer  ntodelling  of 
material  response  to  dynamic  loading.  During  the  design 
stage  of  ammunition  development,  due  consideration 
must  be  given  to  each  phase  of  the  munitions  cycle. 

7.  REFERENCES 

ID  Mulherin,  J.H.,  Steward,  W.B.  and  Corrie,  J.O. 
'Fracture  Mechanics  Study  on  a  ISSmm  M107  Projectile 
Made  From  an  IsothermaNy  Tranafotmad  HF-1  Steel.*  US 
Amrty  Armament  Command,  Frankford  Arsenal  Technicai 
Research  Report,  FA-TR-7601 5, 1976. 


(101  Baratta.  F.l.  'Fracture  Mechanics  Approach  to  the 
Design  of  Projectiles.’  AMMRC  TN  69-05,  July  1969. 

(11)  Saunders,  D.S.  ’Fracture  Mechanics  Approach  to 
High  Fragmentation  Shell  Steel  Acceptsrrce  -  A  Review.' 
OSTO  Materiels  Research  Laboratory  Report,  MRL-R-733, 
January  1979. 

(1 21  Lowry,  R.W.  ’Evaluation  and  Selection  of  Alterrrate 
Steels  for  the  Improved  5'/54  Projectile  Body.’  Naval 
Weapons  Laboratory  Technical  Repm  TR-2585,  1971, 
{Mmited  rshsse) 

(131  Campbell,  J.E.  ’Review  of  Alloys  and  Fabrication 
Methods  used  for  Tacticai  Missile  Motor  Cases.* 
Oeferwe  Metals  Information  Center,  Bateile  Columbus 
Institule,  ONIC  Msm.  224, 1967. 


(2)  Saurxters,  D.S.  *7000  Sarfas  Aluminium  Alloys  for 
LAW  Rocket  Motor  Bodtaa.’  US  Army  Materials  and 
Mechartics  Reaaarch  Canter  Technical  Report,  AMMRC 
TR  84-36,  September  1984. 


(14)  Baratta,  F.l.  and  Saunders,  D.S  ’Comparative 
Evaluation  of  LAW  Motor  Bodtes  of  Three  Materials. 
AMMRC  TR  85-7,  May  1985. 


110 


(151  Raymond.  L.  'Designing  Cost-Effective  Presswe 
Vessels  Based  on  Fracture  Mechanics. '  Proc.  2nd 
Tewksbury  Symposium  on  Fracture,  University  of 
Melbourne,  Eds.  C.J.  Osbr-n  R.C.  Gifkins,  J.S.  Hoggart 
and  D.S.  Mansell  F\iti  jkitter worths,  pp  241  -  255, 
1969. 

|16]  Carman.  C.M.  'Evaluation  of  High  F^rformartce 
Rocket  Motors  using  Sub-Scale  Precracked  Cases.'  U.S. 
Army  Franfcford  Arsenal  Report  R-1863,  August  1967. 

.17]  Chisholm.  T.C.  'High  Strain  Rates  in  Rocket  Motor 
Cases.'  Metallurgica,  pp  73  -  76.  February  1978. 

(18|  Brown,  K.  and  Smith,  P.O.  'The  Fracture  Behaviour 
of  Maragirtg  Steel  in  Thin  Sections.'  Journal  of  the 
Australasian  Institute  of  Metals.  Vol.  22,  No. 2.  pp  106  - 
114,  1977. 

[19]  Oiwakar,  0..  Arumugham,  S.,  Lakshmanan,  T.S.  and 
Sarkar,  B.K.  'Fracture  Characteristics  of  a  Burst  Tested 
Maragirtg  Steel  Rocket  Motor  Case.'  Journal  of  Materials 
Science.  Vol  20,  pp  1351  -  1356,  1985. 

(201  -  'Philosophy  and 

Implementation  of  Non-Oestructive  Testing  for  Artillery 
Projectile  Metal  Parts  (1 56mm,  1 75mm  and  8  iiKh).*  US 
Army  Armament  Research  and  Development  Corrvnand, 
Product  Assurance  Directorate  Report.  August  1979. 

(211  'Materials 

Response  to  Ultra-High  Loading  Rates.'  National 

Materials  Advisory  Board,  Washington  D.C.  NMA8-356. 
1980. 

(22)  Magness,  L.S.  artd  Farrand.  T.G.  'Deformation 

Behaviour  and  its  Relationship  to  the  Penetration 

Performarx:e  of  High  dertsity  KE  Penetrator  Materials.' 
1 990  Army  Science  Corrferertce,  Durham.  N  June  1 990. 

(23)  Scheffler,  O.R.  and  Zukas,  J.A.  'Numerical 

Simulation  of  Segmented  Penetrator  Impact.'  Int.  J.  of 
Impact  Ertgineering.  Vol.  10,  1990,  487  -497. 

(24)  Hollartd,  P.M.,  Gordon,  J.T.,  Merma,  T.L.  and 
Charters,  A.C.  'Hydrocode  Results  for  the  Penetration  of 
Continuous,  Segmented  and  Hybrid  Rods  Compared  With 
BaNistic  Experiments.*  ibid,  pp  241  •  250. 

(25)  Frank,  K.  private  conwnunication,  1989. 

(26)  Weston  G.M.  and  Burman  N.M.,  'The  InfluerKe  of 
Explosive  Shock  Hardening  on  the  High  Strain  Rate 
Mechanical  ftoperties  of  Copper  and  Iron*.  13th 
International  Symposium  on  Ballistics,  pp  367-376.  June 
1992. 

127]  MOU/FM/1/75  'Final  Report  on  a  Co-Operative 
Research  and  Devetopmertt  A’afect  Between  the 
Australian  Deportment  of  Defence  and  the  US 
Department  of  the  Army-  Fracture  Mechanisms  in 
NaturaHy  Fragmenting  Murtitions.*,  October  1975. 


1281  Walsh,  B.E.  and  Beetle,  J.C.  'Differences  in 
Fragmentation  and  Fracture  Modes  between  Medium 
Carbon  and  HF-1  Steel  Cylinders  with  Tempered 
Martensite  Microstructures. '  Second  Annual  ARRADCOM 
Technical  Confererwe,  BRL,  Aberdeen.  USA,  28  -  30  July 
1982. 

129]  Burman,  NM  and  Weston  G.M  'The  Modelling  of 
High  Strain  Rate  Deformation  and  Fynetration  Problems 
using  Finite  Element  Analysis,  this  Confererx:e 
Proceedings. 

1301  Zukas,  J.A.  and  Segietes,  S.B.'ZEUS  Users  Marxial. 
Technical  Description  and  Tutorial  1988  -  1990." 
Computational  Mechanics  Associates,  Towson,  MD, 
USA.,  1 990 


111 


